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L proteinnon-segmented negative stranded (NNS) RNA viruses contain the core RNA
dependent RNA polymerase activity for RNA replication and transcription as well as the activities for
polyadenylating and capping the mRNA transcripts and for methylating the cap structures. There is currently
no structural information available for these large multi-functional proteins. Phylogenetic analyses have led
to the division of the L protein primary structure into six functional domains of high conservation that are
linked by variable regions. The studies in this report investigate the role of speciﬁc amino acids within
domain VI of the VSV L protein, which contains a 2′-O-ribose methyltransferase (MTase) domain. We
generated a structural homology model of residues 1644–1842 within domain VI based on the crystal
structure determined for the known 2′-O-ribose MTase of E. coli, RrmJ. The information generated by this
homology model directed us to residues structurally important for MTase activity and SAM binding. Selected
residues were analyzed by site-speciﬁc mutagenesis and the mutant L proteins were assayed for their effects
on RNA synthesis and cap methylation. The goal of this study was to functionally test the model in order to
gain insight into the structural constraints of this region of the L protein. The data presented here revealed
speciﬁc mutations that affect transcription, replication, and 5′ cap methylation, many of which resulted in
polymerases temperature sensitive for RNA synthesis.
© 2008 Elsevier Inc. All rights reserved.Introduction
Vesicular stomatitis virus (VSV) has a non-segmented negative-
sense (NNS) RNA genome of 11,161 nucleotides composed of ﬁve genes
ﬂanked by a 50-nt leader region and a 59-nt trailer region. The ﬁve
genes of VSV encode the viral nucleocapsid (N) protein, the
phosphoprotein (P), which is a co-factor of the RNA-dependent RNA
polymerase (RdRp) and a solubility factor for the N protein (Emerson
and Yu, 1975; Green et al., 2000; Howard andWertz, 1989), the matrix
(M) protein, the glycoprotein (G), and the large (L) protein, which is
the catalytic subunit of the RdRp and they are expressed in the order 3′
(leader)-N-P-M-G-L-(trailer) 5′ (Abraham and Banerjee, 1976; Ball,
1977; Ball and White, 1976). Control of viral gene expression occurs
primarily at the level of transcription, which is obligatorily sequential
and polar. Transcription of the VSV genome results in the production
of ﬁve capped, methylated, and polyadenylated monocistronic mRNAs
from each of the ﬁve VSV genes.
VSV utilizes a unique mechanism to add the 5′ methyl cap
structure to nascent messenger RNA molecules. In contrast toUniversity of Virginia, MR5
04, USA. Fax: +434 982-2151.
l rights reserved.metazoan capping mechanisms, which utilize three separate enzymes
to synthesize mature mRNA cap structures, the mechanism character-
ized for VSV seemingly involves a single multi-functional protein, the
large (L) protein (Furuichi and Shatkin, 2000; Ogino and Banerjee,
2007; Testa and Banerjee, 1977). The VSV L protein consists of 2109
amino acid residues and migrates on SDS-PAGE around 240 kDa. The
primary structure of the L protein has been divided into 6 domains
linked by variable regions on the basis of conservation among NNS
RdRps (Poch et al., 1990) (Fig. 1A). Phylogenetic and functional
analyses have attributed numerous RNA synthetic and modifying
activities to the NNS RdRps that include transcription, replication,
polyadenylation, methyltransferase (MTase), polyribonucleotidyl-
transferase, and protein kinase activities (Abraham et al., 1975a;
Bujnicki and Rychlewski, 2002; Grdzelishvili et al., 2005, 2006; Hercyk
et al., 1988; Horikami et al., 1984; Horikami and Moyer, 1982; Li et al.,
2005, 2006, 2008; McClure and Perrault, 1989; Ogino and Banerjee,
2007; Rhodes et al., 1974; Schubert et al., 1980; Testa and Banerjee,
1977). Extensive mutational analyses with Sendai virus, rabies virus,
and VSV L proteins have investigated the functional signiﬁcance of the
domain distinctions (Cevik et al., 2003; Chandrika et al., 1995; Cortese
et al., 2000; Feller et al., 2000; Grdzelishvili et al., 2005, 2006; Holmes
andMoyer, 2002; Li et al., 2005, 2006, 2008; Schnell and Conzelmann,
1995; Smallwood et al., 1999). Domain VI is the subject of the present
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Rychlewski (2002) to contain region of similarity to an E. coli 2′-O-
ribose methyltransferase (Bujnicki and Rychlewski, 2002).Fig. 1.Molecular model of the 2′-O-ribose methyltransferase domain in the VSV L protein. (A)
domain VI of the VSV L proteinwas generated as described in Materials and methods. The mo
is displayed in surface rendering depiction. Acidic regions are colored red and basic regions ar
colored light blue, nitrogen atoms are colored dark blue, oxygen atoms are colored red, and s
bottom left corner. Green=Y axis; Red=X axis; Blue=Z axis (C) Illustration of the conserved
model is shown as a ribbon diagram with the exception of the highlighted residues, which
model. For the model, carbon atoms are colored green; oxygen atoms are colored red; alpha h
colored white/light blue. The SAM molecule is colored as described above. The orientation
Blue=Z axis (D) Amino acid residues selected for mutational analysis. The model is shown a
space-ﬁll arrangement, and the SAM molecule, which is shown as a stick model. The model
noted by the axes in the bottom left corner. Green=Y axis; Red=X axis; Blue=Z axis (E) Enlarg
rendering depiction with the exception of residues 1716 and 1762, which are displayed in spa
and acidic regions are colored red; basic regions are colored blue; sulfur atoms are colored
described above. The orientation of the model is noted by the axes in the bottom left corneUnlike eukaryotic 5′ RNA modiﬁcation, VSV 5′ mRNA processing
occurs exclusively in the cytoplasm. The 5′ cap on VSV mRNAs is
derived from GDP through a polyribonucleotidyltransferase activitySchematic of the conserved domains within the VSV L protein. (B) A Homology model of
del covers approximately 200 amino acids of the VSIV L protein: 1644–1842. The model
e colored blue. For the SAMmolecule, which is shown as a stickmodel, carbon atoms are
ulfur atoms are colored yellow. The orientation of the model is noted by the axes in the
catalytic tetrad (K1651, D1762, K1795, and E1833) in relation to the SAM molecule. The
are shown in space-ﬁll arrangement, and the SAM molecule, which is shown as a stick
elices are colored in purple; beta strands are colored in yellow; random coil regions are
of the model is noted by the axes in the bottom left corner. Green=Y axis; Red=X axis;
s a ribbon diagram with the exception of the highlighted residues, which are shown in
and the SAM molecule are colored as described in (C). The orientation of the model is
ement of the active site containing the SAMmolecule. The model is displayed in surface
ce-ﬁll arrangement. Carbon atoms and neutral regions are colored green; oxygen atoms
yellow. For the SAM molecule, which is shown as a stick model, atoms are colored as
r. Green=Y axis; Red=X axis; Blue=Z axis.
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by the formation of a covalent intermediate between the L protein
and the 5′ monophosphorylated mRNA, which is subsequently
transferred to a GDP molecule derived from GTP (Abraham et al.,
1975a,b; Ogino and Banerjee, 2007). Upon capping the nascent
messenger RNA, the penultimate and terminal nucleotides are
methylated at the 2′-O and G-N-7 positions, respectively to yield a
7mG(5′)ppp(5′)AmpAp moiety (Hercyk et al., 1988; Keene and
Lazzarini, 1976; Li et al., 2006; Moyer et al., 1975; Rhodes and
Banerjee, 1975; Rhodes et al., 1974; Rose, 1975; Testa and Banerjee,
1977).
Recently, several groups have shown that mutation of speciﬁc
residues within domain VI, the putative MTase domain of L, and a non-
conserved region that lies between conserved domains V and VI of the
VSV L protein, residues 1450–1481, are essential for both G-N-7 and
2′-Omethylation (Grdzelishvili et al., 2005, 2006; Li et al., 2005, 2006).
The initial genetic analysis of VSV L protein MTase activity was with a
host range and temperature sensitive VSV, hr1, which was shown to
be defective in mRNA cap methylation activity (Grdzelishvili et al.,
2005; Horikami et al., 1984; Horikami and Moyer, 1982). Grdzelishvilli
et al. (2005) showed that the L protein mutation responsible for the
defect in cap methylation of hr1was D1671V, located in the conserved
GxGxG (G1670xG1672xG1674 for VSV) motif common to S-adenosyl
methionine (SAM), the methyl donor, binding proteins. Another host
range and temperature sensitive VSV, hr8, was shown to posses partial
MTase activity, synthesizing some 2′-Omethylation, but no detectable
G-N-7 methylation, due to a G1481R change in the L sequence
(Grdzelishvili et al., 2006; Horikami et al., 1984; Horikami and Moyer,
1982). Also, the variable region between domains V and VI (L residues
1450–1481) was identiﬁed as critical for mRNA cap MTase activity
(Grdzelishvili et al., 2006).
Li et al. (2005, 2006) identiﬁed several residues within domain VI
of the VSV L protein that affected 5′ cap MTase activity (Li et al., 2005,
2006). Analysis of the catalytic tetrad conserved among cap 1
methyltransferases (VSV L amino acids K1651, D1762, K1795, and
E1833) by alanine mutagenesis showed that substitutions of these
residues resulted in synthesis of unmethylated 5′ caps by themutant L
proteins (Li et al., 2005). Analysis of the predicted SAM binding site in
domain VI (the conserved G1670xG1672xG1674 motif) showed mutation
of G1670 and G1672 to alanine yielded L proteins with greatly
decreased cap MTase activity, but G1674A had little effect on the cap
MTase activity (Li et al., 2006). The G-N-7 and 2′-O MTase reactions
were shown to utilize the same putative SAM binding site (Li et al.,
2006), and, in addition to data shown previously by other groups, they
showed that, in vitro, the VSV L protein does not require mRNA G-N-7
methylation in order to achieve 2′-O methylation, in contrast to
cellular 5′ capping mechanisms and the mechanism utilized by
vaccinia virus, reovirus, and that observed for VSV in cells (Furuichi
and Shatkin, 2000; Hammond and Lesnaw, 1987; Li et al., 2006; Testa
and Banerjee, 1977).
In the present study we used a different approach to analyze
domain VI of the VSV L protein. We generated a structural homology
model of 198 residues of domain VI based on comparison of the VSV L
protein with that of the known crystal structure of the E. coli RrmJ 2′-
O-ribose MTase (Bugl et al., 2000a). Based on this predicted structure
we identiﬁed residues potentially involved in catalytic activity and
substrate binding. The amino acids we selected to analyze for their
roles in MTase activity included those previously analyzed as well as a
previously unidentiﬁed residue, which the structural model indicated
was important for formation of the SAM-binding pocket. Whereas
previous studies utilized alaninemutagenesis to investigate the role of
speciﬁc amino acids, we generated a panel of L proteins having various
mutations at each selected site. The goal of this study was to test the
constraints of the structural model by introducing several amino acids
at each selected residue to investigate the range of tolerance of the L
protein and to determine how strictly each residue was required forfunction. We ﬁrst assayed the effects of these mutations on
transcription using a sub-genomic replicon system at 31 °C and
39 °C to identify mutants with temperature sensitive activity. Nine
mutations were subsequently introduced into the L gene of an
infectious cDNA clone encoding the VSV genome and recombinant
viruses were recovered. Several recombinant viruses were tempera-
ture sensitive and all exhibited decreased growth compared to wild-
type. Investigation of transcription, capping, and methylation in an in
vitro system showed that nearly all mutations to the selected residues
rendered the polymerase defective inmethylation of the 5′ cap on VSV
mRNAs and substitution of one residue, putatively involved in
formation of the binding pocket, disparately affected 5′ cap methyla-
tion depending on the amino acid substitution.
Results
Structural homology model of the VSV 2′-O-ribose methyltransferase
domain
A region of homology to known 2′-O-ribose methyltransferases
was identiﬁed in silico for several members of the Mononegavirales.
Bujnicki and Rychlewski (2002), further analyzed this region of the
Ebola virus L protein by generating a model of domain VI that was
based on the crystal structure of the E. coli RrmJ 23S rRNA 2′-O-ribose
MTase (Bugl et al., 2000b; Bujnicki and Rychlewski, 2002). For further
analysis of this region of the VSV L protein, we generated a structural
homology model of the VSV L protein domain that contained
similarity to the E. coli RrmJ 23S rRNA 2′-O-ribose MTase protein.
Our model encompassed VSV residues 1644–1842 and was generated
using the molecular modeling program Modeller7 (Sali and Blundell,
1993). The model underwent 250 rounds of steepest descent energy
minimization using the Discover program of INSIGHT2 (Accelerys,
Inc). The molecular conformation of the model was further analyzed
using Procheck and found not to contain energetically unfavorable
bonds, angles, or torsions. SAM, themethyl donor, was docked into the
model using INSIGHT2 (Fig. 1B). Like most SAM-dependent MTases,
the general conformation of the binding pocket was well conserved
and consisted of seven β-strands and six α-helices. The model
contains a pocket that is the proposed active site where SAM binds in
order to initiate methyl transfer. Lining the interior of the pocket are
the highly conserved glycines that are common to SAM-binding
proteins (Kagan and Clarke, 1994). Positioned at the perimeter of the
pocket is the invariantly conserved aspartic acid (D1762 for VSV) that
interacts with three additional invariantly conserved residues (K1651,
K1795, and E1833 for VSV) to constitute the catalytic tetrad found
among 2′-O-ribose MTases, which are believed to mediate deprotona-
tion of the target 2′-OH group (Fig. 1C).
Based on the model generated of the VSV L protein putative 2′-O-
ribose MTase domain, ﬁve resides were identiﬁed for mutational
analysis: G1672, G1674, G1675, L1716, and D1762 (Fig. 1D). These
resides were chosen for mutational analysis for a variety of reasons.
G1672, G1674, and G1675 belong, in part, to the GxGxGmotif common
to many SAM binding proteins (Kagan and Clarke, 1994). G1672 and
G1674 are highly conserved among the L proteins of the Mononega-
virales. However, the glycine at position 1675 is conserved only among
members of the Rhabdoviridae family (Bujnicki and Rychlewski,
2002). Incidentally, G1675 is not represented in the canonical
GxGxG motif, as it comprises the sixth amino acid of this sequence,
GxGxGG1675. The glycines at positions 1674 and 1675 are conserved
not only among the L proteins of the Mononegavirales, but are also
conserved in the E. coli RrmJ 2′-O-ribose MTase protein (Bujnicki and
Rychlewski, 2002). The aspartic acid at position 1762 was chosen for
alteration because it is invariantly conserved among cap 1 methyl-
transferases and is part of a catalytic tetrad along with VSV L protein
residues K1651, K1795, and E1833 that initiates transfer of the SAM
methyl group to the nascent mRNA cap (see Fig. 1C for an illustration
Fig. 2. Effect of L protein mutations on transcription in the sub-genomic replicon system. (A) Schematic of the sub-genomic template transcribed from plasmid p8(+)NP and the RNA
products that it encodes. The RNA template encodes wild-type leader and trailer ﬂanking two transcriptional units separated by the N-P gene junction, the sequence of which is
shown above the diagram. (B) Analysis of transcriptional activity of L1716 amino acid substitutions. BHK cells that were pre-infected with a recombinant vaccinia virus that expressed
T7 RNA polymerase were transfected with VSV support plasmids N, P, L (wild-type or mutant, as noted), and p8+NP at 31 °C or 39 °C. At 18 h post transfection, RNAs labeled with [3H]-
uridine in the presence of actinomycin-D were harvested and resolved on 1.5% acid agarose-urea gels. Gels were ﬂuorogrammed and radiolabeled RNAs were detected via
autoradiography. The uridine content of mRNA 2 (122) is greater than that of mRNA 1(79) accounting for its greater intensity in the wild-type analysis; quantitations were made on a
molar basis. (C) Analysis of D1762 amino acid substitutions. Experimental details are identical to those described in (B). (D) Analysis of G1672 amino acids substitutions. Experimental
details are identical to those described in (B). (E) Analysis of G1674 amino acid substitutions. Experimental details are identical to those described in (B). (F) Analysis of G1675 amino
acid substitutions. Experimental details are identical to those described in (B). (G) The results of three independent experiments for L1716, D1762, G1674, and G1675 L protein
mutants and two independent experiments for G1672 L protein mutants in the sub-genomic replicon systemwere quantitated by densitometry. The total level of transcription was
determined for each mutant and expressed as a percentage of wild-type.
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Fig. 3. Growth of rVSVs at 31 °C and 39 °C. (A) Ability of rVSVs to plaque at 31 °C and
39 °C. Each recombinant virus was plaque assayed at 31 °C and 39 °C in Vero cells.
Plaque assays conducted at 39 °C were maintained for 30 h, except for L1716Y, G1674P,
and G1675P, which were incubated for 96 h. Plaque assays conducted at 31 °C were
maintained for 72 h, except for D1762E, D1762G, and D1762N, which were incubated for
96 h because no plaques were visible at 72 h. The diameters of 25 plaques for each virus
were determined and are shown as the mean±the standard deviation for all 25
measurements. (⁎) indicates no plaques formed by the time indicated above. (B) Titers
at 24 h for each rVSV. BHK cells were infected at an MOI of 3 and maintained at 31 °C or
39 °C for 24 h. Supernatants were harvested and titrated on Vero cells at 31 °C. Plaque
assays were incubated at 31 °C for 72 h with the exception of D1762E, D1762G, and
D1762N, which were incubated for 96 h. Viral titers were determined and expressed as
the mean log10 (pfu/ml)±the standard deviation.
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more, based on our analysis of the model, D1762 may be directly
involved in catalysis due to the proximity of the SAMmethyl group to
the aspartic acid reactive group. L1716, a previously unexamined
amino acid, is conserved among the VSV L proteins, but not conserved
among all NNS L proteins. Based on our model, this residue is
hypothesized to be important for positioning SAM in the active site
(see Fig. 1E for structural relationship of L1716 and D1762 with the
SAM molecule).
Analysis of amino acid substitutions within domain VI of the VSV
L protein
To investigate the role and stringency for speciﬁc amino acids in the
VSV L protein, we generated a panel of mutations in the L gene and
assayed for effects of the resultant substitutions in the L protein on
transcription. We introduced a variety of amino acid substitutions at
each position to examine what was tolerated by polymerase whilst
maintaining active transcription. The substitutions generated were
G1672 toA/E/P/F, G1674 toA/E/P/R/F, G1675 toA/E/P/R/F, L1716 toA/T/Y,
and D1762 to E/G/N. The mutants were generated by site-directed
mutagenesis into a functional DNA clone of the VSV L gene, as described
in Materials and methods. We initially analyzed for the effect of
mutations on L protein synthesis and found that all mutant L proteins
were expressed (data not shown). Next, we analyzed the effect of L
proteinmutations on transcription of a dicistronic replicon in the vvT7-
based sub-genomic replicon systemby directmetabolic labeling of RNA
synthesis in the presence of actinomycin-D (Fig. 2A). All mutants were
characterized at 31 °C and 39 °C to identify mutants that had a
thermosensitive transcriptase phenotype. Each experiment was done
at least three times and representative gels are shown in Figs. 2B–F.
Quantitative analyses, shown in Fig. 2G, are an average of the results of
three independent experiments. The substitutions at position 1716
showed a strong effect on activity at 39 °C compared to 31 °C (Fig. 2B,
lanes 2–4 and lanes 6–8). At 39 °C, L1716 substitutions conferred at least
an 85% reduction in activity compared to wild-type, however, when
assayed at 31 °C, L1716A and L1716T were comparable to wild-type or
even slightlymore active in the case of the L1716Apolymerase (Fig. 2G).
All L proteins with substitutions at position 1762 had similar
transcriptional activity compared to wild-type at 31 °C and 39 °C,
with the exception of D1762G at 39 °C, which had slightly increased
transcription compared to wild-type (Fig. 2C, lanes 2–4 and 6–8; Fig.
2G). Mutations of the glycine at position 1672 were well tolerated with
the substitution to proline yielding the greatest reduction in activity
(Figs. 2D and G). However, mutations at G1674 and G1675 were less
well tolerated. Polymerases containing alanine at position 1674 and
alanine or glutamic acid at position 1675 had activity similar to, or
greater thanwild-type (Fig. 2E, lane 2 and 8; Fig. 2F, lane 2, 3, 8, and 9;
Fig. 2G). All other substitutions at 1674 and 1675 resulted in
polymerases with greatly reduced transcriptional activity compared
to wild-type (Fig. 2E, lanes 3–6 and 9–12; Fig. 2F, lanes 4–6 and 10–12;
Fig. 2G). However, substitution of G1675P resulted in a temperature
sensitive phenotype (Fig. 2G). Additionally,weobserveddisparity in the
ratio of mRNA1:mRNA2 for some of the mutant L proteins examined,
particularly the L1716T L protein, compared to wild-type. We also
noticed a similar phenotype when some of these mutations were
analyzed in the background of infectious virus, whichwill be discussed
below.
Recovery of recombinant viruses with select L gene mutations
Based on our analysis of the transcriptional activity of the panel of
mutant L proteins analyzed above, we selected the following residues
for transfer into the background of infectious virus in order to carry
out in vitro transcription and MTase assays: L1716T/Y, D1762E/G/N,
G1672A/P, G1674P, and G1675P. We generated a sub-clone correspon-ding to a portion of the L gene to introduce the aforementioned
mutations, which were subsequently transferred into the VSV full-
length clone, as described in Materials and methods.
Recombinant viruses were recovered using a new T7-expressing
cell line that contained a self-replicating alphavirus replicon from
which the T7 RNA polymerase was expressed (herein referred to as
AlphaV-T7, described in Materials and methods, a kind gift from Ilya
Frolov, The University of Texas Medical Branch). This cell line enabled
efﬁcient recovery of infectious virus without the need for vaccinia
virus. For virus recovery in this system it was necessary to clone the
VSV support plasmids expressing the VSV N, P, and L genes into a
plasmid that contained an internal ribosomal entry site (IRES) to allow
for cap-independent translation of the VSV messages, as described in
Materials and methods. Recombinant viruses containing the muta-
tions in the L gene described above were efﬁciently recovered using
the AlphaV-T7 system, as detailed in Materials and methods. The L
gene of each virus stock was ampliﬁed by RT-PCR and sequence
analysis of the entire gene conﬁrmed the presence of the desired
mutations as well as the absence of additional second site mutations.
Initially, the ability of the recombinant viruses to plaque at 31 °C
and 39 °C in Vero cells was determined. Virus infections at both
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virus stock. Infected cells were maintained at 31 °C for 72 h, with the
exception of D1762E/G/N viruses, which were incubated at 31 °C for
96 h, as no plaques were visible at 72 h. Plaque assays done at 39 °C
were maintained for 30 h, with the exceptions of L1716Y, G1674P, and
G1675P, which were incubated at 39 °C for 96 h. All the viruses were
able to form plaques at 31 °C; however, the plaque size for each virus
varied signiﬁcantly compared to wild-type (Fig. 3A). Interestingly,
three of the nine mutant viruses (L1716Y, G1674P, and G1675P) were
not able to form plaques at 39 °C, which was not unexpected given the
signiﬁcantly reduced transcriptional activities of these mutants in the
sub-genomic replicon system at 39 °C.
The effect of the domain VI L proteinmutations on virus replication
was examined by determining single-step growth titers at 24 h for
each of the recombinant viruses propagated at 31 °C and 39 °C. Titers
at 24 h were examined as this provided analysis of the effects of these
mutations during a signiﬁcant window of the normal VSV life cycle.
We were also sensitive to the fact that these viruses readily mutate
when under selective pressure and longer incubations, particularly atFig. 4. Analysis of viral RNA synthesis in BHK cells at 31 °C and 39 °C. (A) BHK cells were infec
were labeled at the same infection temperature with [3H]-uridine in the presence of actino
ﬂuorogrammed and radiolabeled RNAs were detected by autoradiography. The identity of
experiments were quantitated by densitometry. The total level of transcription or replication
transcription and viral replication are noted above the graph. (+) and (−) sense genomes arhigher temperature might provide an opportunity for some of the
more debilitated viruses to revert. BHK cells were infected at anMOI of
3 andmaintained at 31 °C or 39 °C for 24 h, at which time supernatants
were harvested and titrated on Vero cells (Fig. 3B). All plaque assays
were done at 31 °C due to the temperature sensitive phenotypes.
Recombinant viruses that contained the L1716T, L1716Y, G1674P, and
G1675P substitutions displayed a pronounced growth restriction at
39 °C of a 3–6 log reduction (N99.9%) compared to wild-type. Despite
the relatively similar plaque sizes for the L1716T virus at 39 °C and
31 °C, this virus was restricted for growth at 39 °C by approximately
four logs (Figs. 3A and B). While all of these viruses replicated to
higher titers at 31 °C than at 39 °C, they were all reduced by 0.5 to 1.5
logs (N65%) of wild-type, with the exception of L1716T, which
replicated at near wild-type levels at 31 °C (Fig. 3B). All viruses
harboring substitutions at position 1762 had signiﬁcantly reduced
titers at 24 h compared to rVSV at the same temperature. These
viruses showed a 1–2 log (N90%) reduction in titer compared to wild-
type and temperature did not have a substantial effect on replication
of these viruses. G1672A and G1672P viruses were intermediate and,ted with the wild-type and mutant VSVs at an MOI of 3 at 31 °C or 39 °C. At 4.5 hpi RNAs
mycin-D. RNAs were harvested and resolved on 1.5% acid agarose-urea gels. Gels were
labeled RNAs are denoted on the left. (B) Radiolabeled RNAs from three independent
was determined for each virus and normalized to wild-type. Graphs representing viral
e expressed together as “Replication.” (⁎) indicates that no RNA was detected.
75S.E. Galloway et al. / Virology 382 (2008) 69–82though their reductions in titer were signiﬁcant, they were not as
pronounced as for the other viruses.
Effect of L gene mutations on viral RNA synthesis in infected cells
The effects of the mutations introduced into the L gene on viral
RNA transcription and replication were assayed by metabolic labeling
with [3H]-uridine at 31 °C and 39 °C. RNAs were puriﬁed from
cytoplasmic extracts and resolved on acid agarose-urea gels (Fig. 4A).
Quantitative analysis of four independent experiments showed that
the viruses most affected were those with mutations in L at positions
1716, 1674, and 1675, which was similar to our observations in the
sub-genomic replicon system (Fig. 4A, lanes 2, 3, 16, and 17 and Fig.
4B). Viruses with the L1716T/Y, G1674P, and G1675P substitutions hadFig. 5. Transcription of viral RNA in vitro and analysis of guanine-N7 methylation. (A) In vi
1 mM SAH or 20 μM SAM. Labeled RNAs were resolved on 1.5% acid agarose-urea gels. Th
L1716Y viral RNAs were only detected upon a 10X longer exposure as noted above the ﬁlm
analyzed by TLC on PEI-F cellulose plates. The plates were dried and the labeled products w
shown on the right. The identity of the virus from whence the products originated is noted
G1672A, and G1674P L proteins are shown as three separate panels located on the right. T
quantitated by densitometry. Each set of TAP-digested viral RNAs is expressed as the percen
of three independent experiments is shown.a marked temperature sensitive phenotype. All of these recombinant
viruses displayed transcriptional activity at 31 °C, albeit at low levels
with the exception of the L1716T recombinant virus (Fig. 4A, lanes 7–9,
18, 21, and 22; Fig. 4B). However, total mRNA synthesis by these L
proteins was compromised severely at 39 °C compared to wild-type
and, notably, no detectable RNA was synthesized at 39 °C by the
L1716Yor G1674P L proteins (Fig. 4A, lanes 1–3, 13, 16, and 17; Fig. 4B).
The alterations at position 1762 and 1672 had little effect on
transcription, with the exceptions of D1762E at 31 °C and G1672A at
39 °C, which had signiﬁcantly greater levels of transcription relative to
wild-type at the same temperature.
In general, all L protein mutants had increased or equivalent RNA
replication compared to wild-type when assayed at 31 °C with the
exception of the L1716Y virus, which replicated at one-ﬁfth the level oftro transcription reactions were performed in the presence of [α-33P]-GTP and either
e gels were ﬂuorogrammed and labeled RNAs were detected by autoradiography. The
. (B) Viral RNAs synthesized in vitro were digested with TAP and the products were
ere visualized by autoradiography. The mobility of unlabeled markers, Gp and m7Gp, is
at the top of the plate. Longer exposures of the digested RNAs synthesized by L1716Y,
he exposure times are noted above the image of the ﬁlm. (C) Radiolabeled spots were
t methylated cap liberated of the total cap released. The mean±the standard deviation
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G1675P viruses was strikingly temperature sensitive (Fig. 4B). The
viruses with the most robust replication phenotypes were those with
substitutions of glycine to alanine or proline in the GxGxG motif at
position 1672 or at position D1762, the catalytic residue, both of which
synthesized replication products in substantial excess of wild-type at
31 °C or 39 °C (Fig. 4B).
To analyze the temperature sensitive phenotypes of the L1716T,
L1716Y, G1674P, and G1675P rVSVs, we performed temperature shift
experiments. Temperature sensitivity generally occurs for two
different reasons, (1) the ts protein has a loss of function at the non-
permissive temperature or (2) the protein is thermolabile. A protein is
thermolabile if it is inactivated at the non-permissive temperatureFig. 6. Analysis of SAM-mediated methylation by L protein mutants. (A) In vitro transcription
as described in Materials and methods. RNAs were harvested and resolved on 1.5% acid agaro
radiolabeled RNAs were visualized by autoradiography. (B) Primer extension was performed
using an end-labeled primer that annealed to the N mRNA, Npext109(−), in the presence of S
Gels were ﬁxed, dried, and labeled products were detected by autoradiography. (C) Radiolab
mRNA was quantitated and normalized to the corresponding primer extension product (N m
mean±the standard deviation is shown. (D) In vitro transcribed RNAs labeled with [3H]-SAM
were analyzed via TLC on PEI-F cellulose plates. Plates were dried, treated with 5% PPO/Ace
products shown in (D) were quantitated by densitometry. Quantitative analysis of three in
percentage of the total methylated products released upon digestion. ND=not detected; (⁎)after synthesis at the permissive temperature and a protein is
temperature sensitive if it is not inactivated at the non-permissive
temperature after synthesis at the permissive temperature, but is
inactive if synthesized at the non-permissive temperature. We found
that all four mutants were temperature sensitive, as they both
maintained RNA synthetic activity when shifted from the permissive
temperature to the non-permissive temperature at 4 hpi. However,
when infections were initiated at the non-permissive temperature,
shifting to the permissive temperature did not allow RNA synthetic
activity (data not shown).
In regard to the G1672A virus, we consistently observed an RNA
migrating slower than the G mRNA that was not synthesized in a wild-
type infection (Fig. 4A, lanes 14 and 19). We characterized this RNA byreactions were performed in the presence of [3H]-SAM and, where indicated, 1 mM SAH
se-urea gels, as described in Materials and methods. The gels were ﬂuorogrammed and
on the RNAs harvested from the in vitro transcription reactions labeled with [3H]-SAM
uperscript III. Extended products were resolved on 6% denaturing polyacrylamide gels.
eled products from panels A and B were quantitated by densitometry. In panel A, the N
RNA). Normalized values were then graphed as a percentage of WT. For all viruses, the
were digested with TAP, Nuclease P1, and Alkaline Phosphatase. Digested RNA products
tone, and labeled products were detected by autoradiography at −80 °C. (E) Methylated
dependent experiments is shown. The amount of 7mG and 2′-OmA is expressed as a
=not determined.
Table 1
Summary of data for domain VI L protein mutants
Recombinant
virus
Txn
(% rVSV)
Rep
(% rVSV)
Protein
(% rVSV)
Titer 24 h
Log10 (pfu/ml)
rVSV (39 °C) 100 100 100 8.1±0.5
L1716T 10 6 59 4.9±0.5
L1716Y NDa NDa NDa 2.3±0.4
D1762E 94 178 100 6.1±0.6
D1762G 53 140 89 5.8±0.4
D1762N 69 260 103 6.9±0.2
G1672A 151 274 99 7.6±0.4
G1672P 87 192 106 7.0±0.2
G1674P NDa NDa NDa 3.6±0.1
G1675P 2 6 75 3.3±0.5
rVSV (31 °C) 100 100 100 9.1±0.5
L1716T 60 113 91 9.1±0.4
L1716Y 27 23 81 8.8±0.4
D1762E 144 222 102 7.7±0.3
D1762G 65 138 94 7.9±0.4
D1762N 71 213 94 8.0±0.5
G1672A 78 113 91 7.9±0.6
G1672P 69 137 100 7.8±0.3
G1674P 32 134 99 9.0±0.2
G1675P 42 126 93 7.7±0.5
a ND, not detected.
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a G1672A infection followed by digestionwith RNase H and found that
the additional RNA was a bicistronic mRNA consisting of the N and P
mRNAs and not a copy-back defective interfering particle that had
arisen during passage (data not shown).We examined the four internal
gene junctions of thewild-type virus and the G1672Avirus by sequence
analysis of bulk RT-PCR products ampliﬁed from genomic RNA. The
predominant population ampliﬁed from G1672A viral genomes
contained U8 tracts instead of the wild-type U7, but a smaller
population was observed at position 6 of the U-tract that off-set the
sequenceby2nucleotides, indicating that this virus containedgenomes
with U6 tracts as well. Previous work has shown that polymerase that
encounters a U6 tract is unable to terminate and polyadenylate, which,
in this case, would lead to the synthesis of polycistronic mRNAs
corresponding to the N and P genes, which was conﬁrmed above by
oligo/RNase H analysis (Barr et al., 1997; Wertz et al., 2002).
In addition, the migration of mRNAs synthesized by the D1762E
mutant, appeared slightly anomalous compared to wild-type (Fig. 4A,
lanes 4 and 10). The aberrant mRNAmigrationwas observed in at least
ﬁve independent experiments andwas found to be the result of hyper-
polyadenylation, which we investigated further in a separate study
(Galloway and Wertz, in press).
Cap structure analysis of the mRNAs synthesized by the polymerase of
the recombinant viruses
To examine whether the mutations introduced into domain VI of
the L protein at the GxG1672xG1674G1675 SAM binding site, the L1716
position, and the KD1762KE MTase catalytic tetrad, affected cap
methylation we utilized the well-established in vitro transcription
system for VSV. Brieﬂy, 10 μg of virus was activated with non-ionic
detergent and incubated in a buffer system that was supplemented
with either [α-33P]-GTP or [3H]-SAM, as described in Materials and
methods. To assay the effects of the engineered L mutations on
capping and G-N-7 methylation, RNA was labeled in the presence of
[α-33P]-GTP and isolated using RNeasy columns (Qiagen) from the in
vitro transcription reactions. A portion of the recovered sample was
analyzed for total RNA synthesis by acid agarose-urea gel electro-
phoresis (Fig. 5A). The transcriptional activity of the L1716Y virus was
greatly reduced and detectable only after a 10× longer exposure of ﬁlm
(Fig. 5A, right panel). To examine the G-N-7methylated cap structures,
one-fourth of the puriﬁed RNA was digested with tobacco acid
pyrophosphatase (TAP, Epicentre), which speciﬁcally hydrolyzes the
triphosphate bridge connecting the G cap to the mRNA, yielding the
products Gp, Pi, and 5′ monophosphorylated RNA. The TAP digested
RNAs were resolved via thin-layer chromatography on polyethylenei-
mine (PEI) cellulose plates visualized by autoradiography (Fig. 5B).
The data in Fig. 5B show that when wild-type VSV in vitro
transcription reactions were carried out in the presence of SAM, TAP
digestion released a major product that had identical relative mobility
to 7mGp, as determined by the mobility of an unlabeled standard,
which represented 94% of the total cap released upon TAP digestion
(Fig. 5C). In contrast, when transcription reactions were performed in
the presence of S-adenosyl homocysteine (SAH), which is the by-
product and competitive inhibitor of SAM-mediated MTase reactions,
the major product released upon digestion with TAP had an identical
relative mobility to Gp, which represented 93% of the total cap
released. Analysis of L1716T, L1716Y, and G1674P showed that the
majority of the total TAP released caps existed as 7mGp. Similar to the
in vitro RNA synthesis, the TLC analysis of the cap structures
synthesized by the L1716Y L protein was only visible on a 10 times
longer exposure. Likewise, due to the reduced transcriptional
activities of G1672A and G1674P rVSVs, in vitro, ﬁve times longer
exposures of ﬁlm are shown in Fig. 5B. These data were in contrast to
that obtained for L protein substitutions D1762E/G/N, G1672P, and
G1675P, which liberated nearly exclusively nonmethylated caps.G1672A was intermediate and showed approximately one-fourth of
the released caps were methylated.
To examine both G-N-7 and 2′-O methylation, in vitro transcribed
RNAs labeled with [3H]-SAM were isolated and analyzed by acid
agarose-urea gel electrophoresis and thin-layer chromatography. The
amount of [3H]-methyl incorporation, as evidenced by acid agarose-
urea gel analysis (Fig. 6), suggested that the ability of the mutants to
carry out MTase activity was severely compromised, with the
exception of L1716T and G1674P rVSVs (Fig. 6A lanes 2 and 9). To
determine the level of mRNA transcription in each reaction, primer
extension was performed using a negative-sense oligonucleotide that
annealed to nts 85–109 of the N mRNA, yielding a 110 nt extension
product, including the added G cap. (Fig. 6B) The primer-extended
products were quantitated by densitometry. Levels of total transcrip-
tion determined by primer extension (Fig. 6B) were similar to those
shown in Fig. 5A by [α-33P]-GTP labeling. To determine the percent
methylation normalized to the level of transcription observed for each
virus, the amount of [3H-methyl] incorporated into the N mRNA was
normalized to the corresponding primer extension reaction and
compared relative to wild-type (Fig. 6C). In accordance with the
analysis of G-N-7methylation, the L1716Tand G1674P rVSVs displayed
SAM-mediated methytransferase activity of 85% and 54% of wild-type,
respectively (Fig. 6C). All othermutants hadMTase activity of less than
5% of wild-type (Fig. 6C).
To analyze the ability of each L protein mutant to synthesize both
G-N-7 and 2′-O methylation reactions, we digested the RNA
transcribed in vitro in the presence of [3H]-SAM with TAP, Nuclease
P1, and Alkaline Phosphatase in order to analyze methylation at the G-
N-7 position on the cap and at the 2′-O-ribose positions within the
RNA. Digested RNAswere resolved by TLC on PEI cellulose plates using
a sodium phosphate solvent. Quantitative analysis of three indepen-
dent TLC experiments showed that all mutants were reduced in their
ability to provide SAM-mediated MTase activity, except L1716T. Most
mutants were reduced to levels below the level of detection of this
assay, as indicated in Figs. 6D and E. For the one mutant that retained
MTase activity similar to rVSV, L1716T, there did not appear to be a
discrepancy between its ability to catalyze G-N-7 or 2′-O MTase
activity (Fig. 6D). For both rVSV and L1716T there was consistently
more 2′-OmA synthesized than 7mG, which is consistent with the
previously determined mechanism of cap methylation for VSV, that
cap 1 is a preferred substrate for cap 0 methylation (Hammond and
Lesnaw, 1987; Li et al., 2006; Testa and Banerjee, 1977). However, we
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methylation on the antepenultimate nucleotide, as digestionwith TAP
or a combination of TAP, nuclease P1, and CIP does not discriminate
between 2′-O methylation on the penultimate and antepenultimate
AMP transcribed within VSV mRNAs. Of note, in our analysis of TAP/
P1/CIP digested RNAs, we did detect 2′-OmA synthesized by the
G1674P L protein, but detection of 7mG was very difﬁcult. We were
able to detect a very small amount of 7mGp released from TAP-
digested RNAs, which taken together indicated that the G1674P L
protein synthesized both G-N-7 and 2′-O methylations. However,
because our quantitative analysis in Fig. 6E was presented as the
amount of each type of methylation as a percentage of the total cap
methylation, we did not include the data for the G1674P L protein in
this graph.
We subsequently examinedwhether themutations that affected 5′
cap methylation also affected viral protein synthesis in infected cells
and found that, with the exception of those viruses with temperature
sensitive phenotypes, protein synthesis was relatively unaffected
(data not shown, summarized in Table 1), which has also been
observed in previous investigations (Li et al., 2005). In general, these
data were surprising given that nearly all of the L protein mutations,
except L1716T, and to a lesser extent L1716Y and G1674P, affected 5′
cap methylation. Conventional wisdom suggests that this phenotype
should decrease the translation efﬁciency of the mRNAs transcribed
by the mutant polymerases, however, our data indicate that the levels
of viral protein synthesis correlate better with the level of mRNA
synthesis than with cap methylation efﬁciency.
Discussion
We utilized the crystal structure of a known 2′-O-ribose MTase of
E. coli, RrmJ, and the available sequence analyses to generate a
structural homologymodel of residues 1644–1842 of domain VI of the
VSV L protein, which contains the 2′-O-ribose MTase domain (see
Fig. 1). A goal of our study was to experimentally test the structural
model by analyzing not only the role of speciﬁc L protein residues in
RNA synthesis and 5′ cap methylation, but also by introducing L
protein substitutions that might affect secondary structural elements
predicted by the model. Using the model shown in Fig. 1, we identiﬁed
ﬁve residues to examine: G1672, G1674, and G1675, postulated to
affect SAM binding, D1762, a conserved residue of the MTase active
site, and L1716, revealed by the structural model to be important for
binding pocket formation. We introduced a range of amino acidTable 2
Summary of in vitro methylation data for domain VI L protein mutants
Recombinant Virus G-N-7a
(% of total G cap)
OmAb
(% of total methylation)
rVSV (+)1 mM SAH 7 53
rVSV 92 53
L1716T 91 NDc
L1716Y 64 ND
D1762E 8 ND
D1762G 9 ND
D1762N 7 ND
G1672A 28 ND
G1672P 8 ND
G1674P 69 ⁎d
G1675P 9 ND
a G-N-7=guanine N7 methylation; amounts determined from [33P]-GTP-labeled in
vitro transcription reactions that were digested with TAP. Expressed as a percentage of
7mGp released relative to the total G cap released upon digestion with TAP.
b OmA=2′-O ribose methylation; amounts determined from TAP/Nuclease P1/CIP-
digested [3H]-SAM-labeled RNAs. Expressed as the percentage of 2′-OmA of the total
G-N-7 and 2′-OmA methylations.
c ND=not detected.
d (⁎) indicates that OmA was detected, but 7mG was below the level of detection of
the assay.substitutions at each selected position to examine the extent of
change tolerated by the L protein whilst maintaining active function
(see Tables 1 and 2 for summary of data).
The leucine at position 1716 has not been investigated previously
and was selected due to its location with respect to the putative SAM
binding pocket (Figs. 1D and E). We hypothesized that this residue
might be involved in maintaining proper conformation of the active
site to allow efﬁcient SAM binding, which might affect the ability to
methylate the 5′ cap of VSV mRNAs. The L1716Y substitution
rendered the L protein less efﬁcient than wild-type at synthesizing
5′ methylated mRNA; however the L1716T L protein catalyzed the
methylation of more than 90% of the total caps released (Table 2).
These data indicated that tyrosine, which is signiﬁcantly larger than
leucine, affected polymerase ability to efﬁciently methylate the cap,
possibly due to a decreased ability to bind SAM to initiate methyl
transfer. Alternatively, substitution of leucine at position 1716 with
threonine, which is more similar in size, did not signiﬁcantly affect
methylation. These data suggest that L1716 is a structurally
important residue, as evidenced by the temperature sensitivity of
substitutions at position 1716, and it may be important for proper
formation of the active site, as depicted in our model and based on
the differential cap MTase activity observed for the L1716T and
L1716Y L proteins.
The aspartic acid at position 1762 was selected due to its
conservation among cap 1 MTases as part of the catalytic tetrad
and due to its proximity to the methyl group of SAM, as depicted in
our model (Figs. 1C–E). We hypothesized that the reactive group of
D1762 might be directly involved in catalyzing transfer of the SAM
methyl group to the nascent mRNA. Therefore, we introduced
substitutions to this residue that would alter the availability of the
side chain reactive oxygen. The most conservative substitution
engineered was D1762E with the rationale that this residue would
still provide a reactive oxygen, but in an altered conformation.
Analysis of the aspartic acid at position 1762 showed that the
mutations introduced yielded L proteins with reasonable transcrip-
tional activity. However, all D1762 substitutions in the L protein
decreased the synthesis of 5′ cap-methylated mRNA to near
background levels (Figs. 5 and 6; Table 1). The inability of the
D1762E L protein to carry out MTase activity may be due to the larger
size of glutamic acid, which might prevent SAM binding, or due to the
conformation of the reactive oxygen, which is likely altered compared
to aspartic acid. More investigation of the D1762E would be
interesting, particularly with respect to assaying cap methylation in
the presence of varying concentrations of methyl donor and direct
SAM binding analysis. However, our results emphasize the impor-
tance of D1762, as substitution to any of the three amino acids chosen
(E, G, and N) abrogated MTase activity in vitro. In addition, these data
conﬁrm previous studies showing that there is no obligatory linkage
between transcription and methylation (Hunt, 1983; Stillman and
Whitt, 1999).
The inability of the D1762E L protein to carry out methylation was
interesting in light of a recent study of the K61D146K182E218 catalytic
tetrad of the 2′-O-ribose MTase domain of the West Nile virus (WNV)
NS5 protein. It was shown that NS5 proteins containing mutation of
D146 to A/N/K were unable to catalyze 2′-O and G-N-7 methylation
reactions. However, mutation of the other residues that constitute the
catalytic tetrad (K61, K182, and E218) abolished 2′-O-ribose methyla-
tion, but only slightly inhibited G-N-7 methylation. During analysis of
the D146A recombinant virus, the D146A mutation reverted to
glutamic acid before complete reversion to aspartic acid. The D146E
NS5 protein was capable of catalyzing G-N-7 methylation with
reduced efﬁciency (Zhou et al., 2007). Similar to VSV, it was suggested
that both methylation reactions catalyzed by the WNV NS5 protein
utilize a single SAM binding site (Li et al., 2006; Zhou et al., 2007).
WNV has been shown to synthesize G-N-7 methylation prior to 2′-O
methylation, but G-N-7 is not required for 2′-O methylation in VSV in
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order of cap methylation proposed for VSV in vitro is obligatory.
However, if the order of VSV cap methylation in vitrowere obligatory,
it would be reasonable to assume that mutation of residues that
speciﬁcally inhibit 2′-O methylation may subsequently inhibit G-N-7
methylation. So, delineation of the residues that affect G-N-7
methylation becomes more complicated. Although there are many
biological differences between VSV and WNV, the fact that these two
proteins with similar 2′-O-ribose MTase binding pocket folds exhibit a
difference in activity at a critical catalytic residue was interesting.
However, the order of cap methylation of VSV mRNAs in cells was
previously suggested to be G-N-7 occurring prior to 2′-O methylation
(Moyer, 1981). Therefore, it is possible that the D1762E L protein, as
well as other mutants, are capable of catalyzing G-N-7 methylation in
cells, or under different in vitro conditions, however, more investiga-
tion into the methylation state of the mRNAs synthesized by the
mutant L proteins in cells is necessary to test this hypothesis.
Resolving how two distinct methylation reactions utilize a single
SAM binding site is difﬁcult. Referencing the available NS5 crystal
structures and the model of the VSV L protein that we generated
(shown in Fig.1), the aspartic acid is located in closest proximity to the
methyl group of SAM (Egloff et al., 2002; Malet et al., 2007). 2′-O-
ribose methyl transfer is suggested to occur via SN2 reaction.
Speciﬁcally, the KDKE catalytic tetrad is suggested to mediate
deprotonation of the 2′-O-ribose, which may then, by nucleophilic
attack of the SAM methyl group, complete transfer of the methyl
group to the 2′-O-ribose position (Hager et al., 2002; Hodel et al.,
1996). Alternatively, the mechanism for G-N-7 methylation proposed
by Fabrega et al. (2004), based on the Ecm1 protein of Encephalitizoon
cuniculi, would occur by an in-line SN2 mechanism, in which methyl
transfer is achieved by close proximity and geometry of the N7 atom of
guanine and the SAMmethyl group (Fabrega et al., 2004). It is possible
that, given the proximity of the aspartic acid to the methyl group of
SAM in the model of the VSV 2′-O-ribose MTase domain, the aspartic
acid is important for the geometry necessary for G-N-7 methylation,
whereas the remaining residues of the 2′-O-ribose MTase catalytic
tetrad are not as signiﬁcant. For the VSV L protein, amino acids 1450–
1481, which are located between conserved domains V and VI, were
proposed to be essential for VSV 5′ cap methylation, in addition to the
residues in domain VI previously reported. How this new domain
contributes to cap methylation is unclear. It was interesting that hr8,
the VSV mutant that was the foundation for the previous study,
showed disparate MTase activity, in that G-N-7 methylationwas more
affected than 2′-O methylation (Grdzelishvili et al., 2006). This may
indicate that two separate domains of the L protein perform the two
types of cap methylation found on VSV mRNAs. However, it was
recently reported for WNV that the NS5 protein catalyzes the two
methylation reactions using a single SAM binding site by a substrate-
repositioning mechanism (Dong et al., 2008).
One of the most conserved elements of SAM-dependent MTases
is the location of the putative SAM binding motif, GxGxG. In the
structural model we generated, these three glycines are present in
a beta-strand lining the interior of the SAM-binding pocket. G1672
is in the middle of the beta-strand and G1674 is located at the end
of the same beta-strand. We also extended our investigation to the
glycine at position 1675, as this residue appeared to be situated
closer to the putative SAM binding pocket than the canonical SAM
binding motif, GxG1672xG1674, based on the model shown in Fig. 1D.
We hypothesized that alterations to these residues might interfere
with the ability of SAM to bind in the pocket, and thereby interfere
with 5′ cap methylation. When we examined 5′ cap MTase activity
provided by these L proteins, we found that those with G1672A
and G1674P mutations were partially reduced in their ability to
synthesize methylated 5′ mRNA cap structures, whereas G1672P
and G1675P mutant polymerases had 95% inhibition of MTase
activities (Table 2).The G1674P L protein displayed the greatest MTase activity for the
GxG1672xG1674G1675 group of mutants. The structural model showed
that G1674 was located at the end of a beta strand and proline is a
residue sometimes found at the ends of beta strands where a 60° turn
is needed. While our model does not indicate that this type of turn is
needed, the proline substitution at 1674 is in a location that can
support the mutation. However, the G1674P substitution could affect
the ability of SAM to bind in the pocket, but a glycine at position 1675
in the G1674P L protein has a great deal of conformational possibilities
and could allow the formation of an acceptable binding pocket even in
the presence of the proline at position 1674.
In contrast to G1674, G1672 is located within a beta strand, as
depicted in our model. The presence of proline in the interior of beta
strands, as well as alpha helices, is rare due to the absence of hydrogen
on the amide group, which does not allow proline to act as a H-bond
donor in the secondary structure H-bonding network, and due to the
restricted rotation around the phi torsion angle. In general, the
presence of proline can terminate beta strands. In reference to the
G1672A/P substitutions, the presence of proline at this positionwould
likely alter the conformation of the beta-strand and potentially the
entire molecular structure. We suggest that this is a reason for the
disparate cap MTase activity between the G1672P and G1672A L
proteins.
The glycine at position 1675 is in the closest proximity to the SAM
binding pocket of the three glycine residues examined in this study.
Due to its location adjacent to a 90° turn in the backbone, we
hypothesized that changes to this residue would affect the shape of
the SAM binding pocket, and the ability of SAM to access it. We
predicted that substitution of the glycine at position 1675 to proline
would have substantial consequences with respect to MTase activity
and SAM binding, which it did. It was shown recently that mutation of
G1675A also resulted in a MTase-defective L protein (Li et al., 2006).
The similarity of the alanine substitution to the wild-type glycine,
larger only by a methyl group, emphasizes the requirement of this
residue for MTase function.
Several of the mutations examined rendered the L proteins
temperature sensitive, namely L1716T, L1716Y, G1674P, and G1675P.
All of these L protein substitutions displayed temperature sensitive
RNA synthesis, greater than 99.9% reductions in viral titers, and a
reduced or inability to plaque at 39 °C; Even at 31 °C, transcription
levels for these L proteins were reduced by half. These data suggested
that the L1716T, L1716Y, G1674P, and G1675P L protein mutations
might have affected the overall L protein structure, further indicating
that the folding of separate functional domains of the L protein might
not be independent of one another.
A common phenotype of many of the L protein mutants was that
whereas transcription was decreased in many cases, RNA replication
was enhanced. All mutant polymerases, except L1716Y, replicated
RNA to levels greater than wild-type at 31 °C (Table 1). The reason for
the disparity observed between transcription and replication is not
clear, but it has been noted previously (Li et al., 2005). We
hypothesize that more polymerases may be available for RNA
replication in the presence of MTase-defective transcription
complexes. While our data show that transcription is not dependent
on 5′ cap methylation, it shows that all mutants that diminished 5′
cap methylation also diminished transcriptional activity compared to
wild-type. Whether the decrease in transcriptional activity is the
result of a transcriptionally-defective polymerase conformation,
higher rates of mRNA turnover due to the absence of properly
modiﬁed mRNA cap structures, or the result of an as yet unidentiﬁed
connection between 5′ cap methylation and transcription will require
more investigation.
Another interesting phenotype observed in the sub-genomic
replicon analysis and for the recombinant viruses analyzed in this
study is that the relative levels of each mRNA synthesized by the
various L proteins varied signiﬁcantly with respect to wild-type levels
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observed 1.5 to 4.5 fold increases in the ratio of mRNA 1 tomRNA 2 for
several of themutants examined. In the background of infectious virus
it was apparent that the attenuation observed for some mutants at
certain gene junctions was greater than that observed for wild-type.
The most dramatic differences were found with the mRNAs
synthesized by D1762G and D1762N L proteins in recombinant virus.
Desitometric mRNA quantitations showed an approximate 75% and
55% attenuation at the M:G junction for the D1762G and D1762N
viruses, respectively, whereas wild-type at this junction was 27%
(Fig. 4A, lanes 5, 6, 11, and 12). The reason for the observed disparity in
attenuation is unknown, but may be related to higher rates of mRNA
turnover for speciﬁc mRNAs, or to increased pausing at the gene
junctions as a result of faulty transcription complexes, particularly
with respect to initiation, capping, or cap methylation.
The data shownhere conﬁrmprevious reports that domainVI of the
VSV L protein functions as a MTase (Grdzelishvili et al., 2005; Li et al.,
2005, 2006). However, in addition, we have presented a structural
homology model of domain VI of the VSV L protein and have probed
structurally important residues to examine their roles in transcription
and methylation of VSV 5′ cap structures. The data presented validate
the structural homology model generated and indicate that folding of
the MTase domain may not be independent of overall folding of the
active site of transcription, as several of the mutations that we
introduced resulted in temperature sensitive phenotypes with
signiﬁcantly reduced transcription (Table 1). Our data conﬁrm previous
studies showing that there is no obligatory link between transcription
and 5′ cap methylation (Hunt, 1983; Stillman and Whitt, 1999). This is
evidenced by the D1762 L protein substitutions, which all abrogated
MTase activity, but retained signiﬁcant transcriptional activity (Figs. 2
and 4–6; Tables 1 and 2). In addition, all mutations examined yielded
polymerases that were reduced in transcription, but replicated RNA
more actively, with the exception of L1716Y. Taken together, these data
suggest a reciprocal relationship between transcription and replication.
Furthermore, our data support the idea that a single SAMbinding site is
utilized for both G-N-7 and 2′-O-riboseMTase reactions, asmutation of
speciﬁc putative SAM binding residues resulted in the loss of both 2′-O
and G-N-7 methylations. While mutations to the conserved
G1670xGxG1674 motif, which are the putative SAM binding residues,
showed reductions in 2′-O-ribosemethylation, it is not clear howsuch a
defect would impact methylation at the G-N-7 position; whether it
would be due to polymerase inability to bind SAM or whether 2′-O
methylation is required for G-N-7 methylation. Elucidating the
coordination of these two methylation reactions in the context of a
single SAM binding site will require further study. We also examined
the role of a previously uncharacterized residue in VSV 5′ cap
methylation, L1716, which our data indicate may be involved in proper
formation of the SAM binding pocket.
Materials and methods
Cells
The baby hamster kidney cell line (BHK-21) was used for
transfections, growth of virus, and metabolic labeling of RNA and
protein. Vero-76 cells were used for titration of virus stocks. For virus
recovery, we used a new BHK-21 cell line that constitutively expresses
T7 RNA polymerase for primary transfections (a kind gift from Ilya
Frolov, University of Texas Medical Branch, Galveston, TX). The T7-
expressing cell line, named AlphaV-T7, contains a self-replicating
alphavirus replicon that contains four non-structural genes and two
genes encoding T7 RNA polymerase and puromycin acetyl transferase
under the control of independent sub-genomic promoters. The cell
line was propagated in Alpha MEM (Invitrogen) supplemented with
10% fetal bovine serum, 2 mM Glutamax (Invitrogen), penicillin G and
streptomycin, and 5 μg/ml puromycin.Structural homology modeling of the VSV 2′-O-ribose methyltransferase
domain
The alignment used to model the 2′-O-ribose MTase domain was
generated using ClustalW (Thompson et al., 1994). The model was
based on the RrmJ RNA MTase 1EIZ (Bugl et al., 2000b) and was
generated using the molecular modeling programModeller7 (Sali and
Blundell, 1993). After generation of the homology model, 250 rounds
of steepest decent energy minimization were performed to energe-
tically optimize the homology model. SAM was docked into the
homology model using INSIGHT2 (Accelerys, Inc.). Graphical
representations of the model were done using Visual Molecular
Dynamics (VMD) (Humphrey et al., 1996). The coordinates for the
homology model of domain VI of the VSV L protein are available to
download from the following website (http://kingﬁsh.coastal.edu/
chemistry/prichar/VSVmt.pdb).
Plasmid construction and mutagenesis
Plasmid p8(+)NP, as described previously, provided a template for
transcription by T7 RNA polymerase that, with co-expression of the N,
P, and L proteins, produced an encapsidated positive-sense sub-
genomic replicon of VSV (Barr et al., 1997). This replicon was used in
conjunction with variant L proteins to assay transcriptional activity of
themutants. VSV support plasmids pN, pP, and pL have been described
previously (Pattnaik et al., 1992). Mutations were introduced into the
pL support plasmid by site-directedmutagenesis. Sequence analysis of
the entire L gene conﬁrmed the presence of the desired mutations as
well as the absence of mutations introduced by polymerase error
during PCR.
To introduce selected mutations into the VSV full-length cDNA, a
sub-clone was generated that consisted of 4147 bp of the VSV coding
sequence (nt 7070–11217). The 4147 bp regionwas PCR ampliﬁed from
the cDNA encoding the VSV full-length genome (pVSV1(+)) plasmid
and cloned into pCR-BLUNT (Invitrogen). The resultant plasmid was
used as the template for site-directed mutagenesis. Sequence analysis
of a 3.5 kb fragment that spanned the Ava I and Aﬂ II restriction sites
veriﬁed the presence of the desired mutation. The VSV sub-clone and
pVSV1(+) were digested with Ava I and Aﬂ II and the 3.5 kb sub-clone
fragment was cloned into the pVSV1(+) backbone. The presence of the
desiredmutationwas further veriﬁed via sequence analysis of the full-
length cDNA plasmid.
Recovery and puriﬁcation of recombinant VSV
For recovery of recombinant VSV using AlphaV-T7 cells, it was
necessary to clone the VSV N, P, and L genes into a T7 expression
vector that contained an internal ribosomal entry site (IRES) from
encephalomyocarditis virus (ECMV) to allow for cap-independent
translation of the VSV N, P and L messages. We engineered a hybrid
clone from pCITE-2(a) and pCITE-4(a) (Novagen), which we named
pCITE-2/4. pCITE-2(a) and pCITE-4(a) were digested with Bgl II and
AlwN I and the 671 bp fragment from pCITE-4(a) was ligated to the
2951 bp fragment from pCITE-2(a) to generate the hybrid plasmid. The
resultant plasmid contained nucleotides 1–608 from pCITE-2(a), 690–
1361 from pCITE-4(a), and 1459–3800 of pCITE-2(a) for a total size of
3622 bp. The VSV N, P, and L genes were cloned into pCITE-2/4 using
standard cloning techniques. The N and P genes were cloned into the
Nco I and Spe I restriction sites of pCITE-2/4 and the L genewas cloned
into the Nco I and Xho I restriction sites of pCITE-2/4. The resultant
plasmids were designated pNi, pPi, and pLi.
Recombinant VSV was recovered from cDNA by transfection of
AlphaV-T7 cells. AlphaV-T7 cells in 6-well plates were transfected
using Lipofectamine-2000 (Invitrogen) with VSV support plasmids,
2.6 μg pNi, 1.1 μg pPi, 0.5 μg pLi, and 4 μg pVSV1(+) that had been
modiﬁed to contain select mutations in the L gene as stated above.
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with DMEM supplemented with 2% newborn calf serum (NCS) and
incubated at 31 °C. Transfected cell supernatants were harvested
between 24–96 h and one-quarter of the harvested supernatant was
passaged onto BHK-21 cells. Infected cells were incubated at 31 °C.
Supernatants from infected BHK-21 cells were harvested between 24–
44 h post-infection and clariﬁed to remove cell debris at 3000 ×g for
10 min. Viral titers were determined via plaque assay on Vero-76 cells.
Concentrated stocks of each virus were prepared by infecting 8–9
100mmdishes of 90% conﬂuent BHK cells at aMOI of 0.001. Cells were
incubated at 31 °C for 24–44 h. Infected cell supernatants were
harvested and clariﬁed to remove cell debris at 3000 ×g for 10 min.
Virus supernatants were pooled and centrifuged in a Beckman Type
42.1 rotor at 40,000 ×g for 90 min at 4 °C to pellet virions. Virus pellets
were concentrated 100X in NTE. Viral titers were determined via
plaque assay on Vero-76 cells.
Transfections and analysis of RNA synthesis in cells
Plasmids expressing a VSV sub-genomic replicon and supporting
plasmids pN, pP, and pL (wild-type or mutant) were transfected into
BHK-21 cells previously infected with a recombinant vaccinia virus
that expresses T7 RNA polymerase, vTF7-3, at 31 °C or 39 °C, as
previously described (Pattnaik et al., 1992). VSV-speciﬁc RNAs were
labeled for 5 h with [3H]-uridine (33 μCi/ml) at 16–18 h post-
transfection in the presence of actinomycin-D (15 μg/ml) at the
indicated temperature. Total RNAs were harvested via the RNeasy kit
(Qiagen) and resolved on 1.5% acid agarose-urea gels.
Analysis of viral RNA transcription and replication in infected cells
To examine viral RNA synthesis, BHK-21 cells were infected at the
indicated MOI in DMEM+ 2% NCS at 31 °C or 39 °C. At the indicated
times post-infection, infected cells were treated with 10 μg/ml Act-D
for 30 min and subsequently labeled with 33 μCi/ml [3H]-uridine in
the presence of 10 μg/ml Act-D for 1 h at the indicated temperature.
RNA was harvested in lysis buffer, then phenol chloroform extracted
and ethanol precipitated. RNA isolated from either transfections or
infections was electrophoresed through a 1.5% acid agarose urea gel
and radiolabeled products were detected by ﬂuorography and
autoradiography (Wertz et al., 1998). Labeled RNAs were quantitated
by densitometry using Quantity One software for analysis.
Analysis of RNA synthesis in vitro
10 μg of each virus was activated with 0.05% Triton N-101 in 0.4 M
NaCl for 5 min at room temperature. Transcription reactions consisted
of 1× in vitro transcription buffer [30 mM Tris–HCl, pH 8.1; 33 mM
NH4Cl; 4.5mMMg(OAc)2; 7mMKCl; 10mMDTT; 0.2mM spermidine;
1 mM ATP; 0.5 mM each CTP, GTP, and UTP], 30% v/v nuclease-treated
rabbit reticulocyte lysate, 5 μg/ml actinomycin-D, 20 μM SAM and/or
1 mM SAH, and 15 μCi [33P]-α-GTP or 25 μCi [3H]-SAM. For reactions
labeled with [33P]-α-GTP, the amount of GTP included in the in vitro
transcription buffer was reduced to one-tenth. Transcription reactions
were incubated at 30 °C for 5 h. Labeled RNA was puriﬁed via two
successive RNeasy column puriﬁcations to efﬁciently remove all
unincorporated nucleotides. One-ﬁfteenth of the [α-33P]-GMP-
labeled RNA and one-sixth of the [3H]-SAM-labeled RNA sample
were used for analysis on 1.5% acid agarose-urea gel electrophoresis.
Radiolabeled products were detected by ﬂuorography and autoradio-
graphy (Wertz et al., 1998).
Primer extension analysis of in vitro transcribed RNA
To analyze mRNA synthesis in vitro, a negative sense primer that
annealed to VSV nucleotides 109–84, Npext109(−) (5′ GAAG-TAATCTGCCGGGTATTCCACTG 3′), was end-labeled with [γ-33P]-ATP
and T4 polynucleotide kinase (Invitrogen). The labeled primer was
puriﬁed using the QIAquick nucleotide removal kit (Qiagen). One-
thirtieth of the RNA puriﬁed from in vitro transcription reactions
labeled with [3H]-SAM was incubated with an excess (12 pmol) of
end-labeled primer in a reverse transcription reaction with Super-
script III (Invitrogen) at 50 °C. Extended products were resolved on 6%
denaturing polyacrylamide gels.
Analysis of cap structures from in vitro transcribed RNA
One-fourth of the RNA puriﬁed from in vitro transcription
reactions labeled with [α-33P]-GTP was digested with Tobacco Acid
Pyrophosphatase (TAP — Invitrogen) and one-fourth of the [3H]-
SAM-labeled RNA was digested with TAP and/or Nuclease P1
(USBiological) and Calf Intestinal Alkaline Phosphatase (New England
Biolabs). All digests were done in 1× TAP buffer at 37 °C for 30 min.
One-ﬁfth of the [α-33P]-GTP digested RNA was resolved on
polyethyleneimine-F (PEI-F) plates (EM Biosciences) using 1.2 M
LiCl as a solvent. Plates were dried and exposed to ﬁlm. For reactions
labeled with [3H]-SAM, digested RNAs were resolved on PEI-F plates
using a sodium phosphate solvent. Plates were dried and treated
with 5% PPO/Acetone prior to exposure to ﬁlm at −80 °C.
Analysis of protein synthesis in cells
BHK-21 cells were infected with wild-type or L mutant viruses at
the indicated MOI and temperature in DMEM+ 2% NCS. After a 1 h
adsorption period cells were incubated at 31 °C or 39 °C, as indicated.
At 3.5 hpi, cells were washed twice with HBSS and pre-treated with
1.5 ml DMEM–Met for 60 min at the indicated temperature. Proteins
were labeled with 35 μCi of [35S]-Methionine (Perkin Elmer) for
60 min at the indicated temperature. Labeled proteins were harvested
by scraping cells directly into 400 μl lysis buffer. 10 μl of each sample
was resolved by 10% (77 acrylamide:1 bis-acrylamide) SDS-PAGE.
Polyacrylamide gels were ﬁxed in 50% Methanol/10% HOAc for 1 h,
rinsed with water, and dried under vacuum. Labeled proteins were
detected by autoradiography.
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